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Recently introduced surface plasmon toy black hole model has been extended in order to emulate 
a rotating black hole (Kerr metric). Physical realization of this model involves a droplet of an 
optically active liquid on the metal surface which supports propagation of surface plasmons. Such 
droplets are shown to exhibit giant optical activity in the frequency range near the surface plasmon 
resonance of a metal-liquid interface. 
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The realization that solid-state toy models may help 
in an understanding of electromagnetic phenomena in 
curved space-time has led to considerable recent effort 
in developing toy models of electromagnetic [1] and sonic 
[2] black holes. In the case of media electrodynamics 
this is possible because of an analogy between the prop- 
agation of light in matter and in curved space-times: it 
is well known that the Maxwell equations in a general 
curved space-time background gik{x,t) are equivalent to 
the phenomenological Maxwell equations in the presence 
of a matter background with nontrivial electric and mag- 
netic permeability tensors eij{x,t) and fj,ij(x,t) [3]. In 
this analogy, the event horizon corresponds to a surface of 
singular electric and magnetic permeabilities, so that the 
speed of light goes to zero, and light is "frozen" near such 
a surface. In the absence of established quantum gravita- 
tion theory the toy models are helpful in understanding 
electromagnetic phenomena in curved space-times, such 
as Hawking radiation [4] and the Unruh effect [5] . Unfor- 
tunately, until recently all the suggested electromagnetic 
black hole toy-models were very difficult to realize and 
study experimentally, so virtually no experimental work 
was done in this field. Very recently a simple surface 
plasmon toy black hole model has been suggested and 
observed in the experiment [6]. This model is based on 
the surface plasmon resonance at the edge of a liquid 
droplet deposited on the metal surface, which supports 
propagation of surface plasmons. Surface plasmons are 
collective excitations of the conductive electrons and the 
electromagnetic field [7]. They exist in "curved three- 
dimensional space-times" defined by the shape of the 
metal-dielectric interface. Since in many experimental 
geometries surface plasmons are weakly coupled to the 
outside world (to free-space photons, phonons, single- 
electron excitations, etc.) it is reasonable to treat the 
physics of surface plasmons separately from the rest of 
the surface and bulk excitations, so that a field-theory of 
surface plasmons in a curved space-time background may 
be considered. For example, a nanohole in a thin metal 
membrane may be treated as a "wormhole" connecting 
two "flat" surface plasmon worlds located on the oppo- 
site interfaces of the membrane [8]. On the other hand, 
near the plasmon resonance (which is defined by the con- 



dition that em(a') = — at the metal-dielectric interface, 
where em(^) and are the dielectric constants of metal 
and dielectric, respectively [7]) the surface plasmon ve- 
locity vanishes, so that the surface plasmon "stops" on 
the metal surface, and the surface charge and the nor- 
mal component of the electric field diverge. For a given 
frequency of light, the spatial boundary of the plasmon 
resonance ("the event horizon" of our toy model) may 
be defined at will using the geometry ed{x,y) of the ab- 
sorbed layer of dielectric on the metal surface. Thus, 
the plasmon resonance becomes a natural candidate to 
emulate the event horizon of a black hole. As a result, 
toy two-dimensional surface plasmon black holes can be 
easily produced and studied [6]. 

In what follows I am going to extend the surface plas- 
mon toy black hole model in order to emulate the space- 
time metric of a rotating black hole (Kerr metric [9]). 
Physical realization of this model involves a droplet of 
an optically active liquid on the metal surface which sup- 
ports propagation of surface plasmons. I will show that 
the droplets of such liquids on the metal surface exhibit 
giant optical activity in the frequency range near the sur- 
face plasmon resonance of a metal-liquid interface. 

As a first step, let us consider in detail the dispersion 
law of a surface plasmon (SP), which propagates along 
the metal-dielectric interface. The SP field decays expo- 
nentially both inside the metal and the dielectric. Inside 
the dielectric the decay exponent is roughly equal to the 
SP wave vector. As a first step let us assume that both 
metal and dielectric completely fill the respective z < 
and z > half-spaces. In such a case the dispersion law 
can be written as [7] 

k^^^^^^ (1) 
erf + em[UJ) 

where we will assume that e™ — \ — uj^juP' accord- 
ing to the Drude model, and Wp is the plasma frequency 
of the metal. This dispersion law is shown in Fig. 1(b) 
for the cases of metal-vacuum and metal-dielectric in- 
terfaces. It starts as a "light line" in the respective di- 
electric at low frequencies and approaches asymptotically 

= ajp/(l -t- e^)^^^ at very large wave vectors. The latter 
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frequency corresponds to the so-called surface plasmon 
resonance. Under the surface plasmon resonance condi- 
tions both phase and group velocity of the SPs is zero, 
and the surface charge and the normal component of the 
electric field diverge. Since at every wavevector the SP 
dispersion law is located to the right of the "light line", 
the SPs of the plane metal-dielectric interface are decou- 
pled from the free-space photons due to the momentum 
conservation law. 

If a droplet of dielectric (Fig. 1(a)) is placed on the 
metal surface, the SP dispersion law will be a function 
of the local thickness of the droplet. Deep inside the 
droplet far from its edges the SP dispersion law will 
look similar to the case of a metal-dielectric interface, 
whereas near the edges (where the dielectric is thinner) 
it will approach the SP dispersion law for the metal- 
vacuum interface. As a result, for every frequency be- 
tween uJp/{\. + ed)^/^ and Up/i^/"^ there will be a closed 
linear boundary inside the droplet for which the surface 
plasmon resonance conditions are satisfied. Let us show 
that such a droplet of dielectric on the metal interface be- 
haves as a " surface plasmon black hole" in the frequency 
range between LOp/{\ + eaY^"^ and LOp/i^/"^, and that the 
described boundary of the surface plasmon resonance be- 
haves as an "event horizon" of such a black hole. 

Let us consider a SP within this frequency range, which 
is trapped near its respective "event horizon" , and which 
is trying to leave a large droplet of dielectric (see Fig. 2). 
The fact that the droplet is large means that ray op- 
tics may be used. Since the component of the SP mo- 
mentum parallel to the droplet boundary has to be con- 
served, such a SP will be totally internally reflected by 
the surface plasmon resonance boundary back inside the 
droplet at any non-zero angle of incidence. This is a sim- 
ple consequence of the fact that near the " event horizon" 
the effective refractive index of the droplet for surface 
plasmons is infinite (according to eq.(l), both phase and 
group velocity of surface plasmons is zero at surface plas- 
mon resonance). On the other hand, even if the angle of 
incidence is zero, it will take the SP infinite time to leave 
the resonance boundary. Thus, the droplet behaves as 
a black hole for surface plasmons, and the line near the 
droplet boundary where the surface plasmon resonance 
conditions are satisfied plays the role of the event horizon 
for surface plasmons. 

The toy black holes described above arc extremely easy 
to make and observe [6]. In our experiments a small 
droplet of glycerin was placed on the gold film surface 
and further smeared over the surface using lens paper, 
so that a large number of glycerin microdroplcts were 
formed on the surface (Fig.3(a)). These microdroplets 
were illuminated with white light through the glass prism 
(Fig. 1(a)) in the so-called Kretschman geometry [7]. The 
Kretschman geometry allows for efficient SP excitation 
on the gold-vacuum interface due to phase matching be- 
tween the SPs and photons in the glass prism. As a re- 
sult, SPs were launched into the gold film area around the 
droplet. Photograph taken under a microscope of one of 



such microdroplcts is shown in Fig.3(b). The white rim 
of light near the edge of the droplet is clearly seen. It 
corresponds to the effective SP event horizon described 
above. Near this toy event horizon SPs are stopped or 
reflected back inside the droplet. In addition, a small 
portion of the SP field may be scattered out of the two- 
dimensional surface plasmon world into normal three- 
dimensional photons. These photons produced the image 
in Fig.3(b). We also conducted near- field optical mea- 
surements of the local surface plasmon field distribution 
around the droplet boundary Fig.3(c,d,e) using a sharp 
tapered optical fiber as a microscope tip. These measure- 
ments were performed similar to the measurements of 
surface plasmon scattering by individual surface defects 
described in [10]. The droplet was illuminated with 488 
nm laser light in the Kretschman geometry. The tip of 
the microscope was able to pcinetrate inside the glycerin 
droplet, and measure the local plasmon field distribution 
both inside and outside the droplet. Inside the droplet 
(in the right half of the images) the shear-force image (c) 
corresponds to the increase in viscous friction rather than 
the droplet topography. However, this image accurately 
represents the location of the droplet boundary, shown by 
the arrow in Fig. 3(e). The sharp and narrow local maxi- 
mum of the surface plasmon field just inside the droplet 
near its boundary is clearly visible in the near-field image 
Fig. 3(d) and its cross-section Fig.3(e). 

Unfortunately, the described toy SP black hole model 
does not work outside the frequency range between 
LOp/ (1 + edY^'^ and u)p/2^/'^. On the other hand, this is a 
common feature of every electromagnetic toy black hole 
model suggested so far. All such toy models necessarily 
work only within a limited frequency range. In addition, 
the losses in metal and dielectric described by the so far 
neglected imaginary parts of their dielectric functions will 
put a stop to the singularities of the field somewhere very 
near the toy event horizon (however, such "good" metals 
as gold and silver have very small imaginary parts of their 
dielectric constants, and hence, very pronounced plas- 
mon resonances [7]). Notwithstanding these limitations, 
the ease of making and observing such toy SP black holes 
makes them a very promising research object. If wc forget 
about the language of "black holes" and "event horizons" 
for a moment, the SP optics phenomenon represented in 
Fig. 3(b) remains a potentially very interesting effect in 
surface plasmon optics. Namely, this photo shows the 
existence of a two-dimensional SP analog of whispering 
gallery modes, which are well-known in the optics of light 
in droplets and other spherical dielectric particles. Whis- 
pering gallery modes in liquid microdroplets are known to 
substantially enhance nonlinear optical phenomena due 
to cavity quantum electrodynamic effects [11]. One may 
expect even higher enhancement of nonlinear optical mix- 
ing in liquid droplets on the metal surfaces due to en- 
hancement of surface electromagnetic field inherent to 
surface plasmon excitation, and in addition, due to ac- 
cumulation of SP energy near the surface plasmon event 
horizons at the droplet boundaries. This strong enhance- 
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ment of nonlinear optical effects in liquid droplets may 
be very useful in chemical and biological sensing applica- 
tions. 

Let us now try and extend this surface plasmon toy 
black hole model so that a rotating black hole metric 
(Kerr metric) can be emulated. The relationship between 
the D and E fields in a gravitational field with the metric 
Qik can be written in the form [9]: 



D = 



E 



+ Hxg, 



(2) 



where h = goo and = —goa/gao- For an electro- 
magnetic wave this relationship is very similar to the re- 
lationship between the D and E fields in the optically 
active medium, if we identify as e of the medium, 

and recall how optical activity is introduced in media 
electrodynamics . 

There are different ways of introducing optical activity 
(gyration) tensor in the macroscopic Maxwell equations. 
It can be introduced in a symmetric form, which is some- 
times called Condon relations [12]: 



dB 

D = eE + ,- 



H = n'^B 



■7- 



dE 

dt 



(3) 



(4) 



Or it can be introduced only in an equation for D (see 
[13,14]). In our consideration I will follow Landau and 
Lifshitz [13], and for simplicity use only the following 
equation valid in isotropic or cubic-symmetry materials: 



D = cE + iE X g, 



(5) 



where g is called the gyration vector. If the medium 
exhibits magneto- optical effect and does not exhibit nat- 
ural optical activity g is proportional to the magnetic 
field H: 



9 = fH, 



(6) 



where the constant / may be either positive or nega- 
tive. For metals in the Drude model at w >> eH/mc 



m = - 



eu)„ 



(7) 



where ujp is the plasma frequency and m is the electron 
mass [13]. In any case, the local difference in refractive 
index for the left n_ and right n+ circular polarizations 
of light is proportional to the local value of the gyration 
vector g. 

Thus, from the relationships between the D and E 

fields in a gravitational field and in media electrodynam- 
ics we conclude that space-time behaves as a chiral op- 
tical medium if g ^ (we must take into account dif- 
ferent conventions for the use of imaginary numbers im- 
plemented in [9] and [13], and hence equations (2) and 
(5)). 



A space-time region with g ^ can be described locally 
as a rotating coordinate frame with an angular velocity 
[9] 



Q=—-Vxg 



(8) 



Similar vector Q field can be defined for any chiral 
medium regardless of the nature of its optical activity 
(natural or magnetic field induced). Thus, electrody- 
namics of such medium may be understood as if there 
is a distribution of local angular rotation Cl field inside 
the medium. 

Now it is clear that in order to emulate a rotating black 
hole we must use a droplet of liquid which exhibits op- 
tical activity. Let us consider a medium with g = g{r) 
directed along the (/)-coordinate (Fig. 4(b)). Such a dis- 
tribution may be produced, for example, in a twisted 
layer of liquid crystal or in a liquid droplet exhibiting 
magneto-optical effect if a droplet is formed around a 
small cylindrical wire and a current is passed through 
the wire. Such a geometry will result in different refrac- 
tive indices n+ and n_ of the liquid as seen by the sur- 
face plasmons, which propagate in the clockwise (right) 
and counterclockwise (left) directions near the droplet 
boundary. As a result, these plasmons will have slightly 
different dispersion laws (Fig. 4(a)). This difference pro- 
duces two main effects: the position of the effective event 
horizon for the left and right plasmons will be different 
inside the liquid droplet (Fig.4(b)); and there will be a 
narrow frequency range (located near the surface plas- 
mon resonance of the metal-liquid interface) where the 
event horizon will exist for only one (left or right) kind 
of surface plasmons (Fig. 4(a)). 

The first effect closely resembles the properties of the 
Kerr metric, which characterizes a rotating black hole. 
The Kerr metric has two characteristic surfaces around a 
rotating black hole. There exists a spherical event hori- 
zon similar to the case of a non-rotating black hole, and 
there is a so called ergosphere [9] just outside the black 
hole event horizon, which corresponds to the area of space 
where every particle must rotate in the direction of the 
black hole rotation. There are no particle states, which 
rotate in the opposite direction inside the ergoshere. Sim- 
ilar to the case of a real rotating black hole, our toy sur- 
face plasmon black hole has a toy-ergosphere: between 
the two event horizons shown in Fig. 4(b) there are no 
surface plasmon states which rotate in the direction op- 
posite to the direction of the effective O field of the toy 
black hole. This area of space is quite unusual from the 
point of view of surface plasmons. We may say that even 
the surface plasmon vacuum rotates in this area, similar 
to the description of the electromagnetic vacuum inside 
the band gap of a photonic crystal as being "colored" 
vacuum. Further study of the linear and nonlinear op- 
tical properties of such rotating vacuum may be quite 
interesting from the fundamental optics point of view. 

The second effect may be quite important from the 
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point of view of practical applications. In the frequency 
range where the effective event horizon exists only for one 
(left or right) kind of plasmons, the array of droplets will 
behave as a medium which exhibits giant planar optical 
activity. Such media are being actively developed at the 
moment [15]. 

In conclusion, recently introduced surface plasmon toy 
black hole model has been extended in order to emulate a 
rotating black hole (Kerr metric) . Physical realization of 
this model involves a droplet of an optically active liquid 
on the metal surface which supports propagation of sur- 
face plasmons. Such droplets are shown to exhibit giant 
optical activity in the frequency range near the surface 
plasmon resonance of a metal-liquid interface. 
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Figure captions. 

Fig.l (a) Experimental geometry of surface plasmon 
toy black hole observation, (b) Surface plasmon dis- 
persion law for the cases of metal-vacuum and metal- 
dielectric interfaces 

Fig. 2 A surface plasmon trapped inside a droplet near 
the effective "event horizon": The projection of surface 
plasmon momentum parallel to the droplet edge must 
be conserved. Due to effectively infinite refractive index 
near the droplet edge surface plasmons experience total 
internal reflection at any angle of incidence. 



Fig. 3 Far-field (a,b) and near-field (c,d) images of a toy 
surface plasmon black hole: (a) Droplet of glycerin on a 
gold film surface (illuminated from the top). The droplet 
diameter is approximately 15 micrometers, (b) The same 
droplet illuminated with white light in the Kretschman 
geometry, which provides efBcient coupling of light to sur- 
face plasmons on the gold-vacuum interface (Fig. 1(a)). 
The white rim around the droplet boundary corresponds 
to the effective surface plasmon "event horizon", (c) and 

(d) show 10 X 10/im^ topographical and near-field optical 
images of a similar droplet boundary (droplet is located 
in the right half of the images) illuminated with 488 nm 
laser light. Cross-sections of both images are shown in 

(e) . Position of a droplet boundary is indicated by the 
arrow. 

Fig. 4 (a) Surface plasmon dispersion law for the metal- 
vacuum and inetal-diclcctric interfaces in the case of opti- 
cally active dielectric, (b) Difference in refractive indices 
for the left and right surface plasmons results in different 
locations of the effective event horizons for these plas- 
mons. The local directions of the gyration filed are shown 
by the arrows. 
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